We are developing a suite of computational tools for improved visual exploration and spatial analysis of DNA profiles, with accompanying photo-identification records or telemetry tracks of marine mammals. Referred to as geneGIS, the tools provide the ability to display, browse, select, filter and summarize spatio-temporal relationships of these individual-based records and associated data from molecular markers and ecomarkers (e.g
profiles of right whales Eubalaena glacialis from the North Atlantic Right Whale Consortium; 2) DNA profiles of sperm whales Physeter macrocephalus, using samples collected during the 5-year Voyage of the Odyssey; and 3) DNA profiles of Hector's dolphins Cephalorhynchus hectori from Cloudy Bay, New Zealand, with funding from the US Marine Mammal Commission.
OBJECTIVES
The overall objectives can be ordered into five tasks (with related subtasks):
• Task 1: Develop database architecture following the Arc Marine data model for integration and display of DNA profiles with photo-identification and telemetry records in a stand-alone ArcGIS framework, and enhanced features of a web-based application (now referred to as Wildbook) initially designed for display and exploration of photo-identification catalogues.
• Task 2: Develop ArcGIS tools for data query, visual exploration and basic statistical summaries for spatial and temporal partitions of individual-based records (DNA profiles, photo-identification records and telemetry tracks).
• Task 3: Enhance user-directed spatial/temporal selection and export of individual-based records for advanced statistical analyses. This will include tools to export data compatible with existing software used for genetic analyses and capture-mark-recapture.
• Task 4: Demonstrate functionality of geneGIS and web-based application through importation and integration of existing large-scale datasets of photo-identification records from the Structure of Populations, Levels of Abundance and Status of Humpbacks program in the North Pacific (SPLASH) and associated DNA profiles from biopsy samples (geneSPLASH).
• Task 5: Prepare a comprehensive user guide for all software functions and analyses implemented in the system.
APPROACH
The computational developments follow two approaches: 1) tools and software enhancements within a web-based program for displaying individual identification photographs and information from linked DNA profiles, referred to as geneGIS in Wildbook; and 2) tools within ArcGIS, the most powerful widely-used software for GIS and advanced spatial analysis, referred to a geneGIS in ArcGIS. The intent is to benefit from the strengths of each approach while assuring compatibiliy and interoperability through a common database architecture and simplified import/export functions. 
RESULTS

Integrated SPLASH/geneSPLASH databases
The SPLASH program provided a comprehensive dataset for implementation within ArcGIS and the Wildbook. At the inception of this project, SPLASH existed as a relational database in Microsoft Access with eight primary data tables containing effort, photo-identification, and tissue sampling records for humpback whales collected during five seasons of dedicated research effort in the North Pacific. This database and the associated photographic catalogue are maintained by Cascadia Research Collective. The photo-identification dataset was reconciled prior to this grant, to include over 18,400 encounters with 7,941 unique individuals and repeated encounters with individuals could be tracked throughout the database using an identifier known as the SPLASHID number (Calambokidis et al. 2008) . A total of 5,675 tissue samples (mostly by biopsy darting) were also collected during SPLASH, of which about half were associated with a photo-identification encounter. From this total, 2,720 samples were selected for DNA profiling, including a sex marker, mitochondrial (mt) DNA haplotype sequencing and genotyping at 10 microsatellite loci. As expected, the 10 microsatellites were sufficiently variable to provide a second source of individual identification Madon et al. 2011) . From the 2,720 samples, comparison of genotypes resolved 2,161 individuals. Referred to as geneSPLASH, the database of DNA profiles (i.e., a 'DNA register', DeSalle and Amato 2004) is maintained by the Cetacean Conservation and Genomics Laboratory, MMI, OSU.
The fully integrated database of photo-identification records and DNA profiles is one of the largest yet assembled for living whales and shows a complex pattern of migratory connections and population structure (Fig. 1) . The results have been used to estimate the total abundance of humpback whales in the North Pacific, based on photo-identification (Barlow et al. 2011) , and most recently, to describe the genetic structure of the population and propose delineation of Distinct Population Segments (Baker et al. in press ). 
Shared database architecture and tabular input files
A database architecture has been agreed upon to accommodate relational data typical of those used in the collection of individual-based records from photo-identification and telemetry, with the associated collection of tissue samples for genetic analyses and ecomarkers. The architecture and nomenclature conform to Arc Marine and Darwin Core standards (Lord-Castillo et al. 2009; Wieczorek et al. 2012) where possible, and can accommodate the current databases developed for telemetry data and DNA profiles at MMI and SPLASH records at Cascadia Research Collective.
We have also developed import options for a simplified tabular structure (e.g., SRGD.csv or an Excel spreadsheet) similar to that more commonly used in molecular ecology and Capture-Mark-Recapture. The Spatially Referenced Genetic Data format (or SRGD) is a comma-separated value file providing for spatio-temporal records of encounters with individuals and associated DNA profiles. Additional data fields relating to the encounter or the individual, such as group size, behavioral roles or ecomarkers, can be placed after the primary fields. The intent is to allow an easy entry into ArcGIS and the Wildbook for access to the geneGIS tools by import of files that closely match the existing data formats used in genotyping and photo-identification.
geneGIS in Wildbook
Wildbook (http://www.wildme.org/wildbook/) is an open-source database framework designed to support studies in capture-mark-recapture (CMR), with recent enhancements to support molecular ecology and social ecology. The Wildbook is complementary to existing specialized programs for these studies, including Program MARK for estimates of population abundance and trends (White and Burnham 1999) , Genepop for estimation of population genetic parameters (Rousset 2008) , and SOCPROG for analysis of social affiliations (Whitehead 2009 ). The standard features of Wildbook now include:
• a scalable, collaborative platform for intelligent data storage and management, including advanced, consolidated searching;
• an easy-to-use suite of computation tools that can be extended to meet the needs of studies involving individual identification records and molecular ecology (e.g., photo-identification and DNA profiles);
• the export of data to specialized-analysis applications (e.g., Genepop, Program Capture), geographic software (e.g., Google Maps, ArcGIS); and standard biodiversity databases (e.g., GBIF and OBIS); and
• user management tools, including login and password protections for proprietary datasets.
The current version of this software and complete documentation of Wildbook capabilities are available at: http://www.wildme.org/wildbook/. geneGIS tools have been implemented through a number of software versions (now Wildbook 4.0) to include new capabilities for supporting molecular ecology. These enhancements have resulted in improved data search capabilities and visualization of molecular markers linked to individual identification, as displayed in the following use case.
Use Case: Spatial Selection and Regional Migratory Connections
The recent description of population structure of humpback whales in the North Pacific, based on samples collected in the SPLASH program (Baker et al. in press) , showed a complex relationship between migratory destinations. Although significant genetic differences were found among both wintering grounds and feeding grounds, there was not a simple one-to-one relationship between seasonal habitats. This is effectively illustrated through an Individual Search function of the geneSPLASH database in Wildbook (Fig 2) . Using the spatial tools to select the wintering grounds of Mainland and Baja, Mexico, returned n = 159 individuals with mtDNA haplotypes. The mapping function showed the range of resighting locations of these 159 individuals, based on both photo-IDs and genotypes. These migratory connections extend from the coast of California to the western Gulf of Alaska. The results also show an individual identified on an alternate winter ground (Hawaii), after migration to British Columbia. The spatial selection of the feeding grounds of California-Oregon returned n = 129 individuals with mtDNA haplotypes. The mapping function showed a much narrower range of migratory connections to Mainland and Baja, Mexico and Central America, with only a single connection to an alternate feeding ground in the western Gulf of Alaska.
The haplotype frequencies of California-Oregon clearly differ from those in Mainland and Baja, Mexico, but the complexity of the relationships between feeding and breeding grounds is only illuminated by the mapping of individual-based records, with associated genetic information. This has important implications for the designation of Distinct Population Segments under the US Endangered Species Act and for understanding Units to Conserve for ecosystem function (Baker et al. in press ).
geneGIS in ArcGIS
Tool development in ArcGIS now includes data import, data export (to standard genetics programs) and custom analyses via a toolbox and a Python Add-in graphical user interface or GUI. The toolbox and installation instructions are available at http://genegis.org/. (Hardy and Vekemans 2002; Raymond and Rousset 1995; Rousset 2008; Peakall and Smouse 2006; Miller 2005) Use Case: Individual Path analyses A common analysis of individual identification records is the measurement of distances between serial sightings, within or between migratory habitats. Although ArcGIS has many options to measure distance between locations, calculating locations associated with a selected group of individuals is not available in the standard tools. The geneGIS tool Individual Paths creates individual paths, linking a selected set of individuals across all locations they have been encountered (see above, Table 1 and Fig.  3 ).
Issues arising -Software Licensing
One issue that has arisen during the development of the project is the appropriate licensing under which to release software. 
IMPACT/APPLICATIONS
With the development of geneGIS tools in Wildbook and ArcGIS, we expect to improve access to individual-based records and associated DNA profiles to the community of spatial modelers, and to contribute to the developing fields of landscape and seascape genetics (Etherington 2011; Vandergast et al. 2012) . With the geneGIS enhancements of the Wildbook we are also developing a unified computational environment for Capture-Mark-Recapture and molecular ecology, including: Image on the right highlights one such record and its associated record in the attribute table.
• distributed access to consolidated data and geneGIS analytic functions through a web browser, supporting distributed collaboration and the consolidation of multiple data sets;
• usable by a non-specialist, allowing non-GIS professionals to spatially explore and filter the data; and
• broader impact by contributing functionality to a open-source software framework also used by researchers for other species of marine megafauna (e.g., whale sharks and manta rays).
Now that SPLASH/geneSPLASH have been reconciled and implemented in both the Arc Marine model and the Wildbook framework, we have sought and obtained three additional datasets as exemplars for geneGIS: 1) a subset of photo-identification sighting records and associated DNA profiles from the North Atlantic Right Whale Consortium; 2) DNA profiles of sperm whales, using samples collected during the 5-year Voyage of the Odyssey; and 3) DNA profiles of Hector's dolphins from Cloudy Bay, New Zealand, with funding from the US Marine Mammal Commission. Each of these is currently considered proprietary and is accessible only through data-owner allocated passwords. More details included below under Related Projects and Implementations. Title: 'Wildbook (formerly the Shepherd Project)'. This project started as a collaborative software platform for globally coordinated whale shark research, which continues as http://www.whaleshark.org/. The success of this platform in managing and supporting the growth of the whale shark catalog led to its selection for the web-based implementation of the SPLASH Photo-ID Catalog (http://www.splashcatalog.org). Formerly know as the Shepherd Project, the ongoing software development was renamed Wildbook in mid 2013 to better reflect the intent to provide a computational environment in support of mark-recapture, molecular ecology, and social ecology studies based on individual records of vertebrate megafauna. Developments supported by the ONR through the geneGIS initiative are now acknowledged in recent applications to population structure and residency of whale sharks (Fox et al. 2013) . We expect similar uptake of the geneGIS in Wildbook software by other researchers involved with studies of long-lived terrestrial or marine, species. Demonstration of the software at a recent workshop on advances in conservation genetics, hosted by University of Pretoria and the Southern African Wildlife College (http://www.congen2013.co.za/) resulted in interest from researchers studying African wild dogs, cheetahs and great white sharks.
RELATED PROJECTS AND IMPLEMENTATIONS
Title: 'North Atlantic right whale Consortium'. The North Atlantic right whale Consortium holds one of the most extensive catalogues of photo-ID records, with associated DNA profiles, available for any population of whales. We requested and were granted access to a subset of photo-ID sighting records (not the ID photographs themselves) and DNA profiles from the North Atlantic Right Whale (NARW) database through an application to the NARW Consortium. As with the SPLASH program, individual identification of NARWs has included both photo-identification and DNA profiling (Frasier et al. 2009) , with photo-identification records maintained through the Digital Image Gathering and Information Tracking System (DIGITS) at the New England Aquarium. The dataset for 2001 and 2002 included n = 6,553 encounters of n = 343 individuals, of which 65 individuals had associated genetic information collected in those years (Frasier et al. 2007 ). The implementation was based on a small number of sub files provided independently by P. Hamilton and T. Frasier (in collaboration with B. White). The database is available at http://www.splashcatalog.org/narw/ and password access was offered to the data providers for their review.
Title: 'Voyage of the Odyssey -genetic differentiation among equatorial populations of sperm whales', with funding from an International Fulbright Fellowship to PhD candidate, Alana Alexander.
The Voyage of the Odyssey was a 5-year circumnavigation sponsored by the Ocean Alliance. The intent of the voyage was to document the health of the world's oceans, in part by collecting biopsy samples from sperm whales for contaminant analyses (Wise Sr et al. 2009 ). Through a collaborative agreement with the Ocean Alliance, Alana Alexander was provided access to DNA from these samples for the purposes of describing the individual identity and population structure of the sampled whales. The DNA profiles of these samples have been uploaded for demonstration purposes to a proprietary Wildbook database (with password protection, Fig. 4 ). Permission was granted here to display the results of an Encounter Search of the database for reporting purposes. Results of these analyses are not in preparation for publication and intended for inclusion in Alana's PhD thesis (e.g., (Alexander et al. 2013) . Here we attempted to improve the estimate for a local population of Hector's dolphins in Cloudy Bay, New Zealand, using genotype capture-recapture by DNA profiling. This has previously proven powerful for estimating the abundance and subspecies identity of the Maui's dolphin Hamner et al. 2013b) . During two field seasons, a total of 263 biopsy samples were collected, representing 148 individuals based on DNA profiling (Hamner et al. 2013a) . The DNA profiles of these samples have been uploaded for demonstration purposes to a proprietary Wildbook database (with password protection), providing the opportunity to explore the geneGIS tools on a species with an annual range of movement on the order of 10s of kilometers, rather than the 1,000s of kilometers for migratory whales (Fig. 5 ). 
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